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Mitochondrial precursor proteins are known to be imported at sites of close contact between mitochondrial outer and inner membranes. We have 
identified translocation intermediates exposed to the intermembrane space, including the precursor of the ADPIATP carrier accumulated at the 
general insertion site GIP, and the precursor of F,-ATPase subunitp accumulated on its import pathway at low levels of ATP. These results suggest 
!I?nt mitochondrial contact sites are not sealed structures, but that polypeptides pass (at least partly) through the intermembrane space on their 
route from the outer membrane to the inner membrane. 
Mitochondria: Protein trandocation: Intermembrane space; Contact site 
1. INTRODUCTION 
The typical biogenesis pathway of nuclear-encoded 
proteins of the mitochondrial inner membrane or ma- 
trix includes the following steps [l-3]: (i) synthesis on 
cytosolic polysomes; (ii) recognition by receptor prote- 
ins on the outer membrane surface; (iii) insertion into 
the outer membrane at the general insertion site GIP: 
(iv) membrane potential-dependent insertion into the 
inner membrane; (v) interaction with the heat shock 
protein 11~~70 in the matrix (mt-hsp70); (vi) proteins 
carrying amino-terminal presequences are proteolyti- 
tally cleaved by the processing peptidase in the matrix. 
Translocation intermediates of preproteins could be ac- 
cumulated in a 2- membrane-spanning fashion. indicat- 
ing that at the import sites the 2 mitochondrial mem- 
branes were in such close contact that they could be 
spanned by a single polypeptide chain [4--l 11. These 
results suggested that mitochondrial contact sites were 
the major site for the import of preproteins. 
Unexpectedly. import receptors and components of 
GIP were not exclusively located in the morphological 
contact sites, but distributed over the entire outer mem- 
brane [ 12-161. Moreover, some precursor proteins 
could be directly translocated across the inner mem- 
brane without a requirement for receptors or GIP 
[17.18] (B. SCgui-Real, J.R., W. Neupert and N.P., in 
A/~hre\~inriotrs: dYy. mcmbranc potential: GIP. general insertion site 
(‘gcncral insertion protein’); FJ. F,-ATPascsubunitP: mt-hsp70. heat 
shock protein of 70 kDa in the mitochondrial matrix. 
Cbrrcs~~cl,rt/otrc crtMrcs.r: N. Pfanncr. Institut fur Physiologischc Chc- 
mic. Univcrsittit Munchcn. Gocthcstr. 33. W-8000 Mtlnchcn 2. Gcr- 
many. Fax: (49) (895) 996 270. 
preparation). These findings raised the possibility that 
the protein import sites in the outer and inner mem- 
branes could also be located outside translocation con- 
tact sites and may be able to function independently of 
each other. We thus asked if: in intact mitochondria, 
polypeptides get access to the aqueous intermembrane 
space while being transported from the outer membrane 
to the inner membrane. We analysed the import 
pathways of 2 abundant mitochondrial proteins, the 
inner membrane protein ADP/ATP carrier and the sub- 
unit p of the F,- ATPase (F,P), a protein located on the 
matrix side of the inner membrane. We indeed found 
that precursor polypeptides passed at least partly 
through the intermembrane space, leading to a dynamic 
model of the formation and function of the mito- 
chondrial protein import machinery. 
2. MATERIALS AND METHODS 
Published procedures were used for: (i) isolation of mitochondria 
from Sncchararrz~cc.r ce erisae and Nerrrosporu cru~sn [19-221; (ii) syn- 
thesis of precursor proteins in rabbit reticulocyte lysate in the presence 
of [?S]methionine and import into isolated mitochondria at 25°C 
[ 1 I .23,24]; (iii) generation of the GIP-intermediate of the ADP/ATP 
carrier in the absence of a membrane potential [I 1,231; (iv) prctreat- 
mcnt of mitochondria and reticulocytc &ate with apyrase at 0°C and 
25°C. respectively [ 11.20]: (v) swelling of S. cerevisiur mitochondria 
in 150 mM sorbitol [ 19,221 and fractionation of A!. crass(l mitochon- 
dria with digitonin [21]; (vi) treatment with trypsin and proteinase K 
[I 1,231; (vi) analysis by SDS-polyacrylamide gel elcctrophoresis, flue- 
rography and laser densitomctry [ 111. 
3. RESULTS AND DISCUSSION 
The import pathway of the ADP/ATP carrier can be 
experimentally divided into several sequential steps: 
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Fig. I, The GIP-intermediate of the ADP/A’fP carrier is cxposcd to 
the intermembranc space. (A) Reticulocyte lysatc containing “‘S-label- 
cd ADPIATP carrier (AAC) was incubated with isolated S.. cw~~isi~w 
mitochondria in the absence of a membrane potential to form the 
GIP-intermediate [I 1.231. The mitochondria were ro-isolated and di- 
vided into 3 aliquots: control mitochondria (no treatment): mitoplasts 
(gcncrated by incubation in 150 mM sorbitol): aad lysed mitochondria 
(1% Triton X- 100). All samples were treated with trypsin (I 5 fldml) 
and analysed as described in Materials and Methods. The endogenous 
ADPlATP carrier, cytochrome b2 (Cyt.b,) and mt-hsp70 were analys- 
ed by immunodccoration. (B) “‘S-labclcd ADP/ATP carrier was accu- 
mulatcd at the GIP-site of N. cr(I.s.s(i mitochondria [I I]. The rc-isolated 
mitochondria wcrc incubated in digitonin [21.22]. trcatcd with protcin- 
asc K (lO@ml) and analyscd as described in Materials and Methods. 
Endogcnous cytochromc c hcmc lyasc (CCHL) and mt-hsp70 wcrc 
analyscd by immunodccoration, The amount of protcasc-protcctcd 
protein in intact mitochondria was set to 100%. The GIP-intcrmcdiatc 
was fully mcmbranc-associated also after opening of the intcr- 
mcmbranc space. both with S. ww~isicw and N. C~NS.W 
binding to surface receptors. insertion into the outer 
membrane at the GIP-site, and M-dependent insertion 
into the inner membrane [14-16.23.25,26]. The GIP- 
intermediate was formed by incubating the precursor, 
synthesized in rabbit reticulocyte lysate in the presence 
of [35S]methionine. with isolated mitochondria in r.he 
presence of ATP. but in the absence of a membrane 
potential. By re-establishing dY, the precursor arrested 
at this intermediate stage was completely imported into 
the inner membrane and correctly assembled [6,23,25]. 
The GIP-intermediate was protected against protease 
added to intact mitochondria [6.23,25]. To analyse if the 
(ZIP-intermediate was exposed to the intermembrane 
space. the intermembrane space of S. cerevisiae mito- 
chondria was opened by mild swelling. leading to the 
formation of ‘mitoplasts’ (Fig. 1A; cytochrome bz as 
marker for the intermembrane space). The GIP-inter- 
mediate remained associated with the mitochondrial 
membranes (Fig, 1. legend), but was now accessible to 
protease (Fig. 1 A). The mitochondrial inner membrane 
remained fully intact as evidenced by the protection of 
mt-hsp70. After opening of the inner membrane, mt- 
hsp70 was digested by protease (Fig. 1A). The mature 
ADP/ATP carrier in the inner membrane exposes only 
a few parts to the intermembrane space [27]. After ope- 
ning of the intermembrane space, only a small fragment 
of 2-3 kDa was cleaved off from mature ADP/ATP 
carrier; complete digestion occurred after lysis of the 
inner membrane (Fig. 1A). Since the GIP-intermediate 
was degraded from the intermembrane space-side with- 
out the formation of fragments that could be resolved 
on the SDS-polyacrylamide gel (fragments were also 
not found in the supernaian:). major parts of this ADP/ 
ATP carrier-intermediate were apparently accessible 
from the intermembrane space-side. To substantiate 
this conclusion with a different organism, we used mito- 
chondria from N. UYISMI. The intermembrane space was 
opened by the standard procedure established iiir IV. 
cmssa mitochondria. i.e. the use of low concentrations 
of digitonin [21.223. Fig. 1B shows that the protease- 
accessibility of the GIP-intermediate correlated with 
that of cytochrome c heme lyase, a marker protein for 
the intermembrane space [28]. 
Import of proteins into the mitochondrial matrix re- 
quires the ATPase mt-hsp70 [29-311. We tested if a 
lowering of the levels of ATP led to an import inter- 
mediate exposed to the intermembrane space. The in 
vitro import system was pretreated with apyrase (an 
ATPase and ADPase) and oligomycin was included to 
inhibit the mitochondrial F,F,-ATPase [6,20]. The pre- 
cursor of FJ was then imported in the presence of N 
(Fig. 2B), F,B. which was accumulated within mito- 
chondria in a protease-protected location, became ac- 
ccssiblc to protease after opening of the intermcmbranc 
space (Fig. 2B. 0.1% digitonin). After addition of ATP, 
this low-ATP intcrmcdiate was fully imported into the 
mitochondrial matrix and was digested by prolcasc only 
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Fig. 2. Accumulation of a F&inrermcdiate spanning the inner mem- 
brane and exposed to the intermembrane space. Reticulocyte lysate 
containing “S-labeled F$ was incubated with isolated N. CIYISS~ mito- 
chondria in rhe presence of a membrane potential [I I]: (A) standard 
conditions (plus ATP): (B) and (C) low ATP (prerrcatment of reticu- 
locyte lysate and mitochondria with I U/ml apyrase [I I]). All samples 
were then treated with trypsin (lS~g/ml). The samples of(C) received 
3 mM Mg-ATP and were incubated for IO min at 25°C (chase). 
The mitochondria of all samples were re-isolated and incubated in 
digitonin (Dig.) as indicated [?I]. followed by a treatment with prote- 
inase K (I 5 //@ml). Dissipation of the membrane potential [I I] did not 
inhibit the chase The protease-protection of the marker proteins 
CCHL and mt-hsp70 was as shown in Fig. IB (deviations<S%). The 
total amount of protease-protected F,j? (precursor + processed) under 
control conditions (A, no digilonin) was set to 100%. 
after disruption of the inner membrane (Fig. 2C. 0.2% 
digitonin). This chase confirms that a true translocation 
intermediate of F,/? had been accumulated at low levels 
of ATP. The chase was also possible when the mem- 
brane potential had been dissipated, kzlicating that the 
H-dependent interaction of the preprotein with the 
inner membrane had already taken place at the low 
ATP levels. By further lowering the levels of ATP (with 
a higher conccntratiou of apyrase), the completion of 
transport of F,j across the outer membrane was also 
inhibited [6,l l.20]. This is probably due to the strongly 
reduced activity of mt-hsp70 and the requirement for 
cytosolic hsp70s [32-341. In summary, at least 2 steps in 
the import of FJ depend on ATP. transport across the 
outer membrane and transport across the inner mem- 
brane. At intermediate levels of ATP. the first step is 
possible. but the complete transport across the inner 
mcmbranc is inhibited, leading to an intermediate span- 
ning the inner membrane and exposing parts to the 
intermembrane space. 
We report here on import intermediates of mitochon- 
drial preproteins that are exposed to the intermembrane 
space: (i) ADP/ATP carrier accumulated in the absence 
of d!i’. but ii; the presence of ATP (GIP-intermediate); 
and (ii) F@ accumulated in the presence of A!?‘, but at 
lowered levels of ATP. Precursors arrested at these in- 
termediate stages could be chased to the fully imported 
forms. confirming that they were on the correct import 
pathway. We conclude that mitochondrial preproteins 
are not exclusively imported through sealed contact 
sites. Polypeptides in transit get access to the aqueous 
intermembrane space. This pathway appears to be a 
major pathway, as most precursors accumulated at the 
GIP-site are exposed to the intermembrane space, and 
we have previously shown by competition studies that 
the ADP/ATP carrier is exclusively imported via the 
GIP-site [25]. Similarly, most of the FJ that was accu- 
mulated at low levels of ATP was exposed to the inter 
membrane space. 
These results lead to a new view of the import sites 
in intact mitochondria. Several models that are not mu- 
tually exclusive are compatible with the findings. (i) The 
outer and inner mitochondrial membrane; are not in 
physical contact, but there is an aqueous (proteinace- 
ous) space in contact sites. This is supported by electron 
micrographs that show a space of about 6 nm between 
both membranes [9]. The import machineries in contact 
sites should then be of a dynamic nature, as receptors 
and GIP are also present outside contact sites [l2-151. 
(ii) Translocation contact sites themselves (at least a 
fraction of them) are dynamic and can be formed and 
disassembled. (iii) Precursor proteins can be directly 
translocated across the outer membrane. pass through 
the intermembrane space and then insert into the inner 
membrane. None of the intermediates we obtained were 
freely soluble in the intermembrane space: they werr: 
still membrane-associated (probably with the outer 
membrane In the case of the GIP-intermediate, and with 
the inner membrane in the case of the F,fl intermediate). 
This would favour that the passage through the inter- 
membrane space is coupled to the transport across the 
membranes. It is evident, however, that the mito- 
chondrial import machinery and, in particular, trans- 
Iocation contact sites are more dynamic than previously 
assumed. 
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